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Preface 

This analysis of the radiological hazards of Project Rulison 
was undertaken a t  the informal request of members of the Nevada 
Operations Office of the U. S. Atomic Energy Commission. 

supplied by the Environmental Sciences Service Administration, A i r  
Resources Laboratory, Las Vegas. 

was taken from References 2 and 3. 

possible routes of entry of radionuclides to man.' Other groups have 
been requested to perform analyses of other possible routes in addi- 
tion to those considered here. Questions relating to hydrology have 
been investigated by the U. S. Geological Survey and Dy Isotopes, lnc. 
Hazards via some food-chain routes not considered in the present 
analysis have been evaluated by the Battelle Memorial Institute, 
Columbus. Many additional evaluations have also been performed 
by the U. S. Public Health Service Southwestern Radiological Health 
Laboratory and the Nevada Operations Office. 

The meteorological source te rms  for much of the analysis were 

The total radionuclide inventory 

- .  
: 

Our analysis is incomplete in that we have not considered all 

It should be  understood that this analysis is therefore not a 
complete analysis of all radiological hazards, nor was it intended to 
be. Several specific questions a r e  addressed in the analysis; the 
absence of other considerations should not be construed a s  meaning 
that we felt them to be  unimportant, but that they were being con- 
sidered in detail by others. 

. 



Contents 

Abstract  . 1 

Introduction . 1 

Problems Peculiar to the Biology and Physics of Trit ium . 
3 Labeling of Organic Molecules by 

Incorporation of H into DNA 
Energy Distribution from 3H Decay 
Transmutation of H 

H 
3 .  

. , 

3 

Estimated Doses from Trit ium . 
Accidental Release 

hhalation . 
Dry Deposition 

Flaring Operation . 
Inhalation . 
Dry Deposition 

Rainout . 
Self-Induced Rainout 

Hazards f rom Other Radionuclides . 
Gaseous Activities . 
Particulate' Activities . 

Risk Est imates  
References 
Appendix: Quantitative Evaluation of Risk Due to Exposure to LOW Levels 

of Whole-Body Radiation 

References 

2 
2 
5 
7 

8 

9 

11 

1 1  

1 1  
12 
12 

12 

12 

13 ; 
14' . 

- .  

14- 
14 

15 

18 

2 3  
31 



ASSESSMENT OF POTENTIAL BIOLOGICAL HAZARDS 
FROM PROJECT RULISON 

Abstract 

Project Rulison, an underground nu- 
c lear  detonation designed for the st imula- 
tion of natural gas reservoi rs ,  was deto- 
nated on 10 September 1969. This report  
evaluates the off-s i te  radiological hazards 
associated with the proposed reentry and 

testing operations. 
natural gas is begun the major  isotope to 
be released will be tr i t ium ( H). ‘The 
report  therefore considers severa l  ques- 
tions concerning the biology and physics 
of tritium in the light of the data available 
in the l i terature.  
a r e  that ordinary calculations of absorbed 
dose based on energy uniformly distributed 
throughout a volume a r e  sufficient to de- 
sc r ibe  the observed effects. No special  
mechanisms need be considered to  ac-  
count for the extent of the effects ob- 

served. Also, when animals are constantly 
exposed to 3H, their organic molecules, 
especially their  DNA, have 3H-1H ra t ios  
essentially the same as that of the body 
water. Thus, i t  appears  that there  is no 

increase in the incorporation of tr i t ium 
into DNA as a resul t  of the ingestion of 

When flaring of the 

3 

The general  conclusions 

tr i t iated DNA by ascending trophic levels. 

The concentration of 
ment seems to be the controlling factor. 

Dose estimates to the surrounding 
population from inhalation and food-chain 
pathways were also made from source 
te rms  predicted for the Project Rulison 
operation. From these dose estimates,  

the r i s k s  a r e  calculated for genetic loss,  
leukemia, cancer and nonspecific life- 
shortening for the individuals living in the ’ 
vicinity of the Rulison site. If the maxi- . 
mum average estimated dose via the food 
chain i s  taken to be 20 m r e m  (a dose 
which can be reduced by employing ap- 

propriate  precautions), the total detriment 
to the f i r s t  generation (genetic loss plus 
nonspecific life- shortening) represents  a 
possible increase of 0.007% over the nat- 
ural  incidence of genetic loss  and malig- 
nancy. The increase could be zero. In 
the interest  of public safety, these source 
t e rms ,  dose estimates and risk calcula- 
tions are made in a very conservative 
fashion such that upper-limit r i s k s  a r e  
reported. 

3 H in the environ- 

Introduction 

Project Rulison, the second experi- s ix  months after the shot and at  the same 
time to begin flow testing to determine the 
cavity volume produced by the explosive 
and the ra te  at which natural gas  will flow 
from the “stimulated” reservoir .2  During 

ment in the stimulation of natural  gas 
reservoi rs  by nuclear explosives, was 
detonated on 10 September 1969. It i s  
presently ~ l a n n e d ~ ’ ~  to  reenter  the cavity 

- 1 -  



Page 2 is missing from this document. 
 

 



1.4 to 1.5 t imes higher than that predicted 
by the ICRP model. 

Somewhat similar resu l t s  were r e -  
ported by Koranda-et a1.8 They analyzed . 

tritium in the body water and the lyophi- 
-- 

lized organ residues of 95 kangaroo r a t s  
that lived for severa l  generations in the 
elevated tri t ium environment surrounding 
the Sedan c ra t e r  at  the Nevada Tes t  Site. 
They observed that the tr i t ium activity 

per  gram of hydrogen in the lyophilized 
residues of s ix  organs averaged 1 . 5  t imes 
as high as that in the body water. 
concluded af ter  extrapolating their  data to 
man in a situation of continuous low-level 
exposure that the body burden and the 
dose would be 1.8 t imes that predicted by 
the ICRP model. 

They 

These results,  however, a r e  in marked 
contradiction to those reported by Thomp- 
son and Ballou.' They exposed mature  
female r a t s  to constant levels of tr i t ium 
oxide, mated them after s i x  weeks of ex- 
posure, maintained the exposure during 
the intrauterine development and the 
nursing of the offspring, and then main- 

tained the offspring on the same exposure 
level for s ix  months. 
offspring were removed f rom exposure to 
tritiated water; they were  sacrificed at  
intervals, and various t issues  were  ana- 
lyzed to determine the tr i t ium content of 
their combustion water. 

killed immediately after cessation of ex- 
posure, mos t  of the t issues  yielded com- 
bustion water whose tri t ium concentration 
was 20 to 30% of the concentration in the 
body water during exposure. They inter-  

preteted this to  mean that 20 to 30% of the 
organically bound hydrogen (both "freely 
exchangeable" and "firmly bound") w a s  
derived f rom body water. 

At that time the 

In those animals 

If we accept this interpretation a s  cor-  
rect ,  which seems  reasonable f rom con- 
s iderations of biochemical pathways of 
hydrogen incorporation, lo w e  must 
assume that the deer  studied by Evans 7 

must  have received most of the tritium in 
their tritiated organic molecules from the 
tr i t iated organic molecules In their  food 
supply and not f rom their body water. 
This again seems reasonable since the 
exposure to tritium was continuous and 

would have provided adequate opportunity 
for the food sources  utilized by the deer  
to be contaminated and the plant organic 
mater ia l  to be labeled by tritium. 

of Koranda e t  aL8 is a unique animal 
which can subsist  on dry seeds alone, . 

.without any free water. 
mals, then, derived most o r  all  of the i r '  
t r i t ium from the ingestion of tritiated 
organic materials, and the tr i t ium in their 
body water came mainly from the catabo- 
l i sm of tritiated organic materials.  These 
r a t s  would exchange tritium between their 
body water and atmospheric water of 
lower tritium concentration and would 
a l so  occasionally drink f ree  water depos- 
ited by rain. Under these unique circum- 
s tances  it seems reasonable that the body 

The kangaroo r a t  utilized in the studies 

-- 
- !  

The exposed ahi- 

water  should be lower in tritium than the 
combus tion water. 

We can conclude, then, that neither 
the study of Evans nor that of Koranda 
e t  al. .can be interpreted a s  a valid argu- 
ment for the reduction of the ICRP- 
recommended MPCs, which a r e  intended 
solely for either the breathing of a i r  or  
the ingestion of water contaminated with 
tr i t ium oxide. Clearly, they were not 
intended to apply to situations in which the 
organic portion of the food supplies is 

-- 

I 
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concomitantly ~ o n t a m i n a t e d . ~  There  
remains, however, the fact that some 
organically bound hydrogen is derived 

from body water, and that this organically 
bound reservoir  of hydrogen atoms (or 
tritium atoms) has components that turn 
over slowly compared to body water. 8,9,11 

For purposes of evaluating continuous 
exposure to tritium, it might therefore 
appear appropriate to lower the MPC 
values by 10 to 20% to account for the 
additional body burden accumulated in the 
organic compartment. However, in com- 
parison with the overall uncertainties 
involved in the establishment of MPCs 
which a r e  given to only one significant 
figure, this would not appear to be useful 
or meaningful. 

In situations involving acute exposure 
to tritium, somewhat different conclusions 
might be reached due to the long turnover 
times observed for the organically bound 
components. Even single large doses of 
tritiated water a r e  effective in labeling 
the dry t issue solids of mice. One day 
after such an administration, S i r i  and 
Evers12 observed that the tritium in dry  
tissue solids amounted to 770 of the in- 
jected dose with about 1.570 of the total 
firmly bound by metabolic processes.  
Some human data are also pertinent to 
this problem. Snyder -- et al.13 followed 
the tr i t ium level in an individual acciden- 
tally exposed to tr i t iated water vapor, and 
observed that body-water elimination fol- 
lowed a curve described by the sum of 
two exponentials with half-lives of 8.7 and 
34 days. The total tr i t ium in the second 
component appears to have been about 
0.5% of that in the first component, and it 
contributed about 2Y0 of the total dose. 
Reinig and Sanders14 studied another case 

of accidental inhalation, in which the body 
burden,46 mCi, was large enough so  that 
the tritium excretion could be followed for 

415 days. The observed urinary excretion 
pattern was assumed to indicate that the 
tritium was distributed among three com- 

partments with half-lives of 6.14, 23.4, 

and 344 days. The highest percentages of 
assimilated tritium in the longer half-life 
compartments were 0.54% and 0.26%, 
respectively. Reinig and Sanders made 
conservative estimates of the dose contri- 
butions of the tritium in each of these 
compartments, and concluded that the 
rapidly turning-over compartment (body 
water) gave a maximum dose commitment 
of 3.52 r e m  whereas the slower compart- 
ments gave 1.37 rem. It seems apparent, 
therefore, that the dose calculated on the 
basis of distribution of tritium solely 
within the body water should be increased 
by 40%. However, if we calculate the 
infinite dose using the ICRP model with a 

body water half-time of 1 2  days, the result  
is 5.8 rem.'' This discrepancy is  due to 
the conservatism incorporated into the 
ICRP model regarding the half-time of 
body water. Whereas the ICRP uses the 
value of 1 2  days, the two experiments 
mentioned above actually yielded consider - 
ably shorter  values, and in general the 
half-times measured by many experiment- 
e r s  average 9.5 days l6,l7 rather than 
1 2  days. 

values obtained with the ICRP model do 

! 

4- 

We can therefore conclude that the 

.L -8- 

Reinig and Sanders used a relative bio- 
logical effectiveness (RBE) of 1.7 in their 
calculations. This value has subsequently 
been changed by the ICRP to 1.0,ls but 
1.7 was used in this calculation so it could 
be compared with the values of Reinig and 
Sanders. 
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not significantly underestimate the doses 
delivered by either chronic or acute expo- 
sures  to tritiated water by ingestion or to 
tritiated water vapor by inhalation and 
skin absorption. 

INCORPORATION OF 3H INTO DNA4 

The second question relates specifically 
to the incorporation of tritium into DNA 
and other organic components of long turn- 
over times. If such compounds become 
tritiated in low trophic levels of an eco- 
system and a r e  subsequently passed up- 
ward through a food chain, the possibility 
has been raised that the ultimate exposure 
to man eating such foodstuffs could be sub- 
stantially higher than that predicted from 
the average concentration of tritium r e -  
leased to the environment. 18 

We must f i rs t  consider whether tritium 
as  tritiated oxide can be incorporated into 
DNA. Considerations of the biochemical 
pathways that generate nucleic acids 
clearly indicate that tritium in body water 
is  incorporated into DNA,lg although ex- 
perimental data on this point a r e  lacking. 
Relevant data a r e  those of Metzger -- et aL, 
who injected r a t s  intraperitoneally with 
tritiated water (25 pCi/g body weight), 
sacrificed them four hours later, and then 
assayed the firmly bound tritium activity 
in macromolecular fractions of the liver. 
They observed approximately equal t r i -  
tium concentrations (70 cpm/mg) irU nucleic 
acids and proteins. The efficiency cited 

for their tritium determination was 20%. 
Using this figure, we calculate that the 
specific activity was  0.16 pCi/g; the con- 
centration in the body water would have 
been about 40  pCi/g. Although the frac-  
tional activity is small, it is clear that 

even brief exposures to high concentra- 

20 

tions of HTO a r e  effective in mcorporat- 
h g  tritium into rat  liver DNA and proteins, 
and that the levels of incorporation in the 
two classes of macromolecules a r e  not 
essentially different. 
sonable to assume that most biological 
organisms would have rather  similar 
characteristics. 

It a lso seems rea-  

We  would next like to consider to what 
extent the label in the DNA contained in an 
initial food link might be passed on to DNA 
in subsequent links. Unfortunately, there 
appear to be no data available to make 
such analyses directly. 
a r e  available on the transfer of tritiated 
nucleic acids through ascending trophic 
levels, several  studies have been done on 
the incorporation of tritiated DNA pre- 
cursors into newly synthesized DNA. 

Hinrichs et aL21 injected tritiated 

WhiIe no studies 

i: 

thymidine ( 3- HTdR) - intraperitoneally into 
mice and determined the percentage of 
injected label that was incorporated into 
total-body DNA. 
doses less  than 30 pCi per mouse, less  
than 6% of the injected radioactivity was 
incorporatedinto the total DNA. 
the injected activity was rapidly catabo- 
lized to HTO, as has also been observed 
in humans following intravenous injection 

Lambert and Clifton,23 comparing the 

They observed that with 

Most of 

of tritiated thymidine. 22 

efficiency of incorporation of tritiated 

thymidipe into rat  DNA by two routes, 
intraperitoneal injection and ingestion, 
observed that ingestion w a s  only one- 
eighth as efficient as  intraperitoneal in- 

jection. From the two experiments. we 
can conclude that after the oral  ingestion 
of tritiated thymidine only 1% of the label 
is incorporated into DNA, and, for mam- 
mals  at  least, we would expect little 

- 5- 



transference of tritium contained in in- 
gested DNA into newly synthesized DNA. 

has been estimated to be about 
both rnouse21 and man.24 If s imilar  

ratios pertain to all plant and animal 
species, this would further argue that 
most of the tritium incorporated into 
newly synthesized DNA would come from 
sources  and pathways other than the 
direct  incorporation of tritium contained 
in ingested DNA. Additionally, there  is 

no assurance that the ingestion of DNA 
precursors  represents  an adequate model 
for the ingestion of food containing intact 
DNA. Digestive processes  may not pro- 
vide precursors  that can be readily 
utilized. 

Relevant experimental data a r e  those 
of Hatch et  al.25 on the tritium activity in 
the l iver DNA of kangaroo ra t s  collected 
at  Sedan Crater.  
tritium activity per gram hydrogen in the 
i iver DNA as in lyophilized whole l iver 
tissue. This indicates that tritium was 
not preferentially incorporated into their 
DNA relative to their whole liver tissue, 
even though their  tritium exposure was 
derived mainly from the ingestion of 
tritiated organic compounds. 

The weight ratio of DNA to body water 
for 

-- 

They observed the same 

The available evidence, then, gives u s  
no reason to  believe that an organism of 
any trophic level, continuously exposed to 
relatively constant levels of tritium, 
would accumulate significantly higher lev- 
e ls  in its long-lived macromolecular 
components than in its other organic com- 
pounds o r  i ts  body water. (The kangaroo 
r a t  or any organism whose hydrogen in- 
take is derived mainly from organic mat-  
ter  would be an exception to  this, a s  far 

- 6 -  

as  body water is concerned.) Patterns of 
incorporation af ter  acute exposures (or  
after the termination of continuous expo- 
su res )  a r e  clearly different; the relative 
concentrations would be controlled by the 
relative turnover ra tes  of the various 
organic and body-water components. We 
have already discussed evidence indicat- 
ing that af ter  transient exposure, the 
long-lived organic components will even- 
tually contain higher concentrations of 
tritium than the shorter-lived components. 

It should be kept in mind that these 
conclusions a r e  based upon rather  limited 
experimental data. However, the extrap- 
olation of the available data to the Rulison 
situation can be made with reasonable 
confidence, since the organisms of p r i -  

mary  concern a r e  mammalian, and the 
food chains a r e  not complex. 
much less  confident about extrapolating 
these results to all members of complex 
(for example, aquatic) ecosystems in- 
volving a great diversity of organisms 
within food chains. Isotopic fractionation 
mechanisms for the hydrogen isotopes a re  
known. Man, for example, exhales water 
vapor containing 9470 of the tritium con- 
centration in and the pigeon has 
been reported to be unusually efficient in 
this process, with its expired water vapor 
tritium level only about 50% of that of the 
urine o r  the blood.12 Other fractionation 
effects observed between deuterium and 
protium have been summarized by 
B ~ w e n . ~ '  We do not know how widespread 
these processes are ,  and there appear to 
be no sufficiently detailed studies of the 
behavior of tritium in complex ecosystems 
to permit a full evaluation of the presence 
of these processes. 

i 

We feel 



ENERGY DISTRIBUTION FROM 3 H  
DECAY 

Question three,  dealing with the dose 

estimates and subsequent effects attribut- 

able to the low-energy tri t ium 8-particle, 
has been examined in considerable detail 

by Bond and Feinendegen28 and by 
Feinendegen," on the basis  of their  own 
work and the available l i terature.  Some 

of the ear ly  somatic effects observed 
after tritium exposure and compared with 
those after x-irradiation a r e  cell  killing 
in t issue culture, 29-33  cell  killing in in- 
tact mammals, 
and various types of cytogenetic abnor- 
malities. 36337 Late- term somatic effects 
which have been studied include carcino- 
genesis.38 Genetic effects include both 

dominant lethal induction 39'40 and point 
mutations in the form of recessive 
lethals. 

Bond and Feinendegen28 concluded that 
all of the ear ly  somatic effects result ing 
f r o m  tritium exposure could be  accounted 
fo r  on the basis  of the dose absorbed by 
the cell  nucleus. 
for  any given absorbed dose as a resu l t  of 
tr i t ium exposure was quantitatively simi- 
lar to that observed following an equiva- 
lent absorbed dose of x-irradiation. 
other. words, no special calculations need 
be considered other than the absorbed 
dose due to the random disintegration of 

atom is in the form of HTO o r  actually 

incorporated in DNA as HTdR. The same 
quantitative correlation between absorbed 
tri t ium dose and absorbed x-ray dose also 

appears  to occur for the long-term so- 
matic  effects and the genetic effects. 
some cases  the absorbed dose from 
3HTdR or  HTO appears to be slightly less 

28J34'35 mitotic delay, 28,32 

41-43 

The extent of the effect 

In 

3H atoms, regardless  of whether the 3 H 

3 

In 

effective than an equivalent dose from 
x-irradiation while in other cases  it 
appears to be slightly more  effective. 

However, if we allow for experimental 
e r r o r  and for the technical difficulties in 
such experiments, it appears that the 
dose absorbed by the cell nucleus a s  a 
resul t  of tritium decay accounts quanti- 
tatively for  the amount of the response, 
and it does not exceed that expected from 
a s imi la r  dose of x-rays. 

of experiments (not included in the analy- 
s e s  of Bond and Feinendegen) designed to 
look a t  the death of intermediate and 
type B spermatogonia after irradiation of 
mouse testes.  
externally with x-rays or  internally with 
3HTdR o r  HTO. Again, the effects w e r e  
quantitatively quite s imi la r  if the ab- 
sorbed dose from tritium was compared 
to a comparable absorbed dose from 
x-irradiation. Trit ium was slightly more  
effective than x-rays in these experiments 

These resu l t s  a r e  s imi la r  to those of 
Johnson and C r ~ n k i t e , ~ ~  in which 3HTdR 

and 6oCo y-rays were compared for effec- 
t iveness in the induction of spermatogonial 
killing. 

Various experiments have been done to 
compare tr i t ium 8-irradiation to 6 o C ~  y -  

irradiation or  x-irradiation with respect 

to  their  effectiveness for producing a 
given biological effect. In some experi- 

ments the tritium P seems to be slightly 
less effective for an equivalent dose while 
in others it seems to be slightly more 

effective. In some experiments where 
RBE values of 1.6 to 2.0 are calculated, 
the uncertainties in the dose calculations 
make the resul ts  very tenuous, u d  the 

Lambert34 recently published resul ts  

The tes tes  were  irradiated 

and HTO was more  effective than 3 HTdR. 
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resul ts  should be regarded with circum- 
spe ction. 

Bond and Feinendegen2* have pointed 
out that RBEs of 1.3 o r  1.4 for t r i t ium 8 -  
irradiation relative to 6oCo y-  irradiation 
a r e  closer to unity when compared to  
250 kVp x-rays. Also, they have pointed 
out that RBEs of 1 . 3  to 1.7, which have 
been observed for a variety of endpoints 
in intact mammals a r e  based on calcula- 
tions which assume uniform distribution 
in the body water and uniform whole-body 
dose. However, a large part  of a n  animal 
is bone and this component has a minimal 
uptake of HTO. 
account this inhomogeneity in the d is t r i -  
bution of tritium then the RBE value is 
nearly unity. 

When one takes into 

Recently the ICRP15 adopted a quality 
factor (or RBE) of 1 . 0  ra ther  than 1.7 for 
6 energies less  than 0.03 MeV; therefore, 
the quality factor for tr i t ium is taken to  
be unity, and our dose calculations are 
based on this value. 

TRANSMUTATION OF 3 H  

Question four concerns the possible 
effects of transmutation of DNA as a re- 

3 28 sul t  of H decay. Bond and Feinendegen 
also considered this problem. Thei r  gen- 
e ra l  conclusion is that no experiments 
have shown that transmutation effects 
have any role  either in cell  lethality 
(where resul ts  can be  accounted for en- 
tirely by the absorbed doses) or in other 
cell damage such as cytogenetic abnor- 
malities (where there  is no correlation 
between the s i te  of the chromosome break 
and the s i te  of incorporation of the 

Rachmeler and Pardee4' have, 
however, apparently shown a transmuta- 

tion effect in the induction of mutants in 
bacteria after labeling with HTdR. Bond 
and Feinendegen stated that transmutation 
might be the explanation of the data of 
Kaplan -- et al.41 who looked for sex-linked 

recessive lethals in Drosophila after 
labeling with HTdR. The distribution of 
lethal mutations along the x-chromosome 
was nonrandom and different from that 
observed after x-ray exposure. However, 
in a more recent experiment Kaplan 
-- et al.42 found the distribution of mutations 
along the x- chromosomes after labeling 
with tritiated deoxycytidine ( HCdR) to 
differ slightly from that observed after 
3HTdR or x-rays. 
resulting from the two different labels 

3 (i.e., 3HTdR and HCdR) were summed, 
the results were like those after x-rays. 
This was interpreted as  suggesting (1) 

that the combined'distribution reflects 
variations in the regional content of DNA 

along the x-chromosome and ( 2 )  that the 
difference in the distributions of lethal 
mutations from HTdR and from HCdR 
demonstrates variations in thymine and 
cytosine content within the chromosomal 
DNA. Therefore, it is not necessary to 
invoke transmutation effects to explain 
these results. 

Exposure to tritiated water rather than 
3HTdR resul ts  in randomly labeled or- 
ganic molecules; the effect of transmuta- 
tion would be negligible, ShCe tritium 
would not be preferentially incorporated 

about 0.1% of the organic body weight. 

3 

3 

3 

When the distributions 

;: 

3 3 

into DNA and since DNA comprises Only 

One additional problem should be con- 

sidered: the unique situation Of the fetus 
continually exposed to tritium throughout 

fetal  life. 
~ i l s o n ~ ~  and Thompson and BalIou 

The experiments of Khan and 
9 
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I 

indicate that fetal exposure of r a t s  leads to 
the incorporation of t r i t ium into organic 
molecules throughout organogenesis with 

subsequent long half-times depending on 
the s i te  of incorporation. Also, as stated 

by the ICRP,45 severa l  experiments have 
suggested that the effect  per  rad  on the 

induction of neoplasia following irradiation 
of the fetus is g rea te r  than the effect on 
irradiated children and adults by a factor 
between 2 and 10. Miller46 has recently 

questioned the validity of such a conclu- 

sion but has not presented any compelling 
evidence that it is  incorrect. 

These considerations suggest that the 
cri t ical  segment of the population at  r i sk  

would be the fetus. If the fetus is  indeed 
ten t imes as  sensitive as the adult, one 
could argue that dose standards should be 
reduced by an order  of magnitude when 
applied to the exposure of pregnant womeii. 
The effect of tritium incorporation into 
organic molecules is much more  difficult 
to assess ,  in that it is  not certain what 
percentage of the tritium under such con- 
ditions is bound to the various types of 
organic molecules. Obviously, some a r e  
much more  cri t ical  than others. 

In the Rulison basin the wind direction 
varies f rom daytime to nighttime. Night- 

time flow is in a northerly direction down 
the valley; daytime flow is up the valley in 
the opposite direction. In the daytime the 

flow eventually reaches an altitude such 
that it moves with the prevailing north- 
easterly winds. Therefore, the predicted 
source te rms ,  which we use  here, include 
air  concentrations and ground depositions 
for a 12-hr daytime period and a 12-hr 
nighttime period for both the accident sit- 
uation and the normal flaring operation. 

The accident situation assumes that 
there would be  no control over the gas  
flow at the wellhead and that uncontrolled 
blowout would occur through an open dr i l l  
hole. The source t e rms  for the accident 
case a r e  calculated assuming that under 
such conditions 100% of the tr i t ium p res -  
ent at 180 days after detonation would be  
released in a 24-hr period. 

of controlled venting of the cavity volume. 

2 

The normal flaring operation consists 

Source t e r m s  for  tritium for  the flaring 
case were  developed assuming that 24% of - 

the total 3H activity will be vented in the 

f i r s t  3-day flaring ~ p e r a t i o n . ~ ’ ~  The pre-  
dicted a i r  concentrations and ground depo- 
si t ions f rom which the doses are calculated 
assume that the cloud travels in a straight 
line-that is, that there  is no meandering 
of the plume. Actually, one would expect 
the plume to meander during a 12-hr 
period. 
ent wind directions during daytime and 
nighttime and the probable meandering of 
the plume, one would not expect any one 
person to be  in the cloud for any 24-hr 
period, and summing the dose over an 
entire day (or over ? 3-day flaring opera- - 
tion), would certainly produce a maximum 
dose estimate. 
3-day f la re  will involve smaller  quantities 
of activity and will be spread over many 
months. Therefore,  such variables a s  
plume meandering and wind direction wi l l  
have a much grea te r  effect, and the dose 

Therefore, because of the differ- 

Releases after the f i r s t  

Estimated Doses from Tritium 

- 9- 



received will be  much l e s s  than that from 
the initial flare. 

The source t e rms  used in the analyses 
of the accidental re lease and the normal 
flaring operation were taken from Refs. 2 

and 3 .  It should be emphasized that these 

source t e rms  assume that all  of the tritium 
produced will be in the gaseous phase. 

I t  is expected, however, that a major 
fraction of the tritium wi l l  be contained 
in water in the cavity. Detailed studies 
of the gas produced by the f i rs t  gas- 
stimulation experiment, Project Gasbuggy, 
indicate that only 570 of the total tr i t ium 
was actually in the gaseous phase. 
Fleming48 has concluded that the source 
t e rms  in Refs. 2 and 3 overestimate the 
t r i t ium concentration in the Rulison gas 
by an order  of magnitude. This conclu- 
sion was based upon predictions of the 
chemical reactions thought to have oc- 
curred within the Rulison cavity and upon 
the analysis of the initial gas sample 
drawn from the Rulison wellhead. 
chose to  use the more conservative 
values in our analyses because predictive 
experience i s  very limited and the initial 
sample may not be representative of the 
actual cavity gas. Therefore the expo- 
s u r e  estimates for the first 3-day f l a r e  
have been determined in a very conserva- 
tive'fashion and are probably reasonable 
estimates of the total dose that an indi- 
vidual might possibly receive from the 
total flaring operation. 

47 

We 

Knox4' has supplied source t e r m s  for  
self-induced rainout, a phenomenon that 
may occur at o r  near the wellhead under 
winter weather conditions. 
the condensation of water vapor out of a 
supersaturated gas cloud as it leaves the 
flaring stack. 

It consists of 

Dose calculations will  be made for the 
accident case and the normal flaring 

operation considering both air  inhalation and. 

ingestion via the food chain. The approach 
of Ng -- et al.50 for  determining unit-rad 
depositions" was used for the dose esti- 

mates via the forage-cow-milk pathway. 
The unit-rad deposition value for tritium 
via the forage-cow-milk pathway is 

2 99 pCi/m . 
The unit-rad deposition also was calcu- 

lated for the soil-root pathway using the 
technique of Ng et al.50 However, because 
of recent information concerning tritium 
movement in various ecosystems, we have 
made a few numerical changes in some of 
the constant parameters in the basic equa- 
t i o n ~ . ~ ~  The approach'used by Ng et al. 

assumes that tritium stays within the top .; 
20 cm of the soil surface after deposition. 

Koranda and Martin52 showed recently, 
however, that the peak concentration of 
tritium moves up and down in the soil 
and reaches depths'down to 7 or  8 f t .  

Therefore, we have assumed that, on the 
average, tritium is distributed in the top 
100 cm'of soil. 

It w a s  also assumed in the original 
analysis that the half-residence time for 
tritium in the soil was equal to its radio- 
active half-life of 12.3 years. However, 

recent evidence has shown the half- 
residence time for tritium to be about 
29 days53 in a tropical rain forest and 
about 18 months52 in the dry desert  
region of'the Nevada Test Site. Most 

areas  would probably fall somewhere 
between these two extremes. 

-- 

-- - 

In our 

6 
The unit-rad deposition is the amount 

of radionuclide in pCi/mz from a single 
contaminating event that wi l l  result  in a 
30-yr dose of one. rad. 
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analysis we used the longer of the observed 
half-residence times, i. e., 18 months. 

With these two major  changes in the 
equations used by Ng et  al., We found the 
unit-rad deposition for 3H to be 1600pCi/m . 
Therefore, the dose received via the soil- 
root pathway would be at least  16 t imes 
l e s s  than that received via the forage- 

deposit ion ) . 
The level of exposure via the forage- 

cow-milk pathway will be  affected to some 
degree by the time of year  when the flar- 
ing operation is conducted. If there  is 
s t i l l  any considerable amount of snow on 
the ground, the cows will not be on pas- 
tu re  and much less tri t ium would remain 
on the plants than would be deposited on 
them if the flaring were conducted after 
the snow melt. Also, the final tr i t ium 
concentration in soil  water would be l e s s  
if flaring were conducted while there  was 
s t i l l  snow cover on the ground. 

tion that we have not considered is the 
contamination of water supplies. However, 
due to the la rge  dilution factors involved 
and the ease of monitoring such supplies 
in the Rulison vicinity, the dose from this  
source should be negligible. An evalua- 
tion of this problem has been published. 2 D  

Inhalation 

2 
- 

cow-milk pathway (99 pCi/m 2 unit-rad 

Another possible source of contamina- 

-- 
ACCIDENTAL RELEASE 

Our first calculation is for air inhala- 
tion at a distance of 5 k m  (distance f rom 
wellhead to nearest  population) as a resul t  
of a daytime accident. At an effective 
release height of 300 m, which gives the 
highest expected concentrations, the pre-  
dicted tritium a i r  concentration is 
3.5 X ld8 Ci/m3. 
value for the volume of air breathed by 

If we u s e  the ICRP 

7 3  standard man, Le., 2 X 10 cm per day 
or 10 cm per  1 2  hr,  then the number of 
microcuries  inhaled in a 12-hr period is 

0.35 pCi. The amount inhaled is essen- 
tially all  absorbed.54 For a 7 0 - k g  man 
this resul ts  in a f i rs t -year  dose:' of 
3 X mrem,  assuming a 12-day half- 
life for tritium in the body and a relative 

15 biological effectiveness (RBE) of 1.0. 

The nighttime air concentration at 5 km 
a s  a resul t  of an accident situation i s  less 
by about a factor of 1000 than the daytime 
case  and would, therefore, give a dose of 

3 X 

riod. 
would lead to a dose of 2 X 

while the daytime release would lead to  
a dose of 7 X 

7 3  

mrem for a 12-hr re lease  pe- 
At 15 k m  the nighttime release 

m r e m  

mrem. 
- _  
! 

Dry Deposition 

ground at  5 k;n as a resul t  of an accident 
is  1.5 X 

The unit-rad deposition value for the 
forage-cow-milk pathway for tr i t ium 

This means that a child drinking one l i ter  
of milk per  day f rom cows grazing on pas- 
tu re  initially contaminated with H at 

rem.t The daytime deposition at 5 k m  
therefore  resul ts  in a dose of about 
0.2 rem.  
5 km is less than this by a factor of 1000. 
At  15 km the nighttime and daytime dep- 
ositions would lead to doses of 10 mrem 

The amount of tr i t ium deposited on the 

Ci/m 2 for the daytime case. 2 

according to Ng e t  al.50 is 99 pCi/m 2 . -- 

3 

99 pCi/m 2 would receive a dose of one 

The nighttime deposition at  

8 
Firs t -year  dose and 30-year dose a r e  

the same for an acute exposure to tritium. 
'The unit-rad deposition value for the 

for-age-cow-milk pathway was derived with 
the assumption that the half-residence 
t ime of tritium on forage is 14 days. 
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and 40 mrem, respectively. If the entire 
chimney were emptied in a 24-hr period 

in the same location, these two values 
would have to be sum*ed. 
pointed out previously, the unit-rad dep- 

ositionvia the soil-root pathway i s  more  
than 16 t imes higher than that via the 

forage-cow-milk pathway; therefore, the 

dose received via the soil-root system 

would be at  least  16 times l e s s  than the 
doses calculated for the forage-cow-milk 

pathway. 

FLARING OPERATION 

A s  was 

\ 

Inhalation 
For  the flaring operation the initial 

calculation for the dose due to a i r  inhala- 
tion is made for the daytime situation a t  
5 km. This is the maximum value pre-  
dicted for a i r  concentrations as a resul t  
of flaring and is, therefore, the limiting 
case for the.air  inhalation situation. The 

predicted a i r  concentration is 2.6 X 16' 
3 Ci/m . 

7 3  a i r  volume for a 12-hr period is 10 c m  , 
the short- term body burden is 0.026 HCi. 
This is l e s s  by more  than a factor of 100 
than the accident case; hence, the dose 
would be 2 X'10-3 mrem. The dose for 
the n'ighttime re lease  case a t  5 k m  is 
l e s s  than this by a factor of 500. 

15 km, the 12-hr daytime flaring would 
lead to a dose of 5 X loe4 mrem, and the 
12-hr nighttime flaring would lead to an 
inhalation dose of 2 X ld4 mrem. 

Again assuming that the inhaled 

I 

A t  

The total inhaled dose a t  5 km a s  a 

result  of a 3-day flaring period is then 
approximately 6 X l d 3  mrem. The total 

inhaled dose at  15 km would be l e s s  by a 
factor of about three than a t  5 km, Le., 
i t  would be about 2 X mrem. 

Dry Deposition 
The deposition of tritium onto plants 

a s  a result  of the flaring operation can be 
calculated using the source term value of 

3 Ci-sec/m for the integrated activity 

at  5 km for daytime release,  and a value 
2 of m/sec for the deposition velocity. 

The result  is loe6 Ci/m2. This is less  by 
a factor of 100 than the deposition for the 
maximum accident case and leads to a 
dose of 10 mrem for each 12-hr period 

for the forage-cow-milk pathway. Eight- 

time deposition is less  by a factor of 1000 

and therefore leads to a dose of 

for each 12-hr period. 
a result  of the 3-day flare would then be 
about 30 mrem. 

from daytime release leads to a dose of ;; 
3 mrem for each 12-hr period; nighttime . 

deposition leads to a dose of 1 mrem. The 
total dose resulting from a 3-day flare is 

therefore approximately 10 mrem. The 
doses resulting from the soil-root pathway 
would again be l e s s  by a factor of 16 than 
the above estimates for the forage-cow- 
milk pathway. 

r em 
The total dose as  

At 15 km, the deposition 

RAINOUT 

Tritium can also be deposited on the 

ground surface by the process in which 
natural rain brings down the activity con- 
tained in the plume. 

2 
For the accident case, it has been 

estimated 
this watek could be between 1.8 X ld3 and 

4.8 X 

the RCG value of 1 X pCi/g for drink- 

ing water. 

rain to bring down enough activity to equal 
the unit-rad deposition for the forage-cow- 
milk pathway. This amount of water, 
however, could not possibly be Petained by 

that the specific activity of 

pCi/g; this can be compared to 

It would take about 2 cm of 
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the plant surfaces 
the soil water. 
therefore be reduced to less  than the dose 

and would move into 
Dose contributions would 

calculated to arise from dry deposition 
and entry into the forage-cow-milk path- 
way. The same conclusions would also 
apply to the flaring operation. 

SELF- INDUCED RAINOUT 

-ox4’ has estimated self-induced rain- 
out under winter weather conditions at a 

2 distance of 2 km. H i s  value, 30 g/m -hr  
2 for  each 12-hr period, gives 7 2 0  g/m . 

The activity of the water is Ci/g o r ,  
2 therefore, 7.2 X Ci/m . If 25% of 

this self-induced rainout remains on the 

plants, then there would be essentially 
1.8 X Ci/m , which would lead to a 
dose through the forage-cow-milk path- 
way of 0.2 r em for each 12-hr period. 
Knox estimates that deposition in the 
accident case  would be about five times 

2 

Table 1. Calculated whole-body dose for inhalation and ingestion of tritium? 

Accidental Operational (flaring) 
Distance Total, 

from 3-day 

(km) ( r em)  (rem) ( rem)  ( rem)  ( r em)  
source Daytime Nighttime Daytime Nighttime operationb 

~ i r  inhalationcad 5 3 x 10-5 3 X 2 X 10-76 4 X lo-’ -6 X 
(12 hr at highest 15 7 x 10-6 2 x  10-6 5 x  10- 2 x -2 x 
concentration) 

d Dry deposition . 
Via forage-cow- 5 2 x 10-1 2 x 1 x 1 x  IO-^ -3 x 
milk food chaine 15 4 x 10-2 1 x 10-2  3 x 10-3 1 x 10-3 -1 x  IO-^ 
Via soil-root 5 1 >(: 1 X l o a 5  6 X 6 X -2 X 
food chainf 15 3 X 6 X 2 X 6 X -6 X 

Self-induced rainoutg <2 1 1 2 x 10-1 2 x 10-1 -1 
(via forage- cow- 
milk food chain)e 
a It has recently been estimated48 from an analysis of a sample of gas from the Ruli- 

son wellhead that the amount of tr i t ium present in the gas phase is less  by nearly a 
factor of 10 than that initially assumed in Refs. 2 and 3 and used for estimating the a i r  
concentrations and ground depositions. Our dose esirnates a r e  based upon the air  con- 
centrations and ground depositions in Refs. 2 and 3, and if the amount of tritium avail- 
able is less  by a factor of 10, then the above dose estimates would also be reduced by 
a factor of 10. 
self-induced rainout; s e e  footnote g). 

bThe exposure estimates for the first 3-day flare have been determined in a very 
conservative fashion and are probably reasonable estimates of the total dose that an 
individual might possibly receive from the total flarihg operation. 

The maximum expected dose would therefore be 3 m r e m  (excluding 

Standard man inhales 2 X lo7 cm3 pe r  day (ICRP).* 

Dose to child via forage-cow-milk pathway from Ng et &. 
Dose to child via soil-root pathway f rom Burton51 and Ng -- et al?’ with modification 

c 

dSource te rms  from Refs. 2 and 3. 
e 50 

(see text). 

conditions. 
hence no actual dose contribution via this route would be expebted. 

gFrom K ~ o x . ~ ’  Self-induced rainout might be expected only during winter weather 
There a r e  neither people nor dairy cows within 2 km of the wellhead; 
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grea te r ;  the dose would be about 1 rem 
f o r  each 12-hr period. However, there  a r e  
no people and no dairy catt le within 2 km 

i s  not expected to occur'at g rea t e r  distances. 

to  be made from these data is that the food 
pathway could contribute by f a r  the greatest  
percentage of the dose. The dose that could 

period i s  t r ivial  compared to the dose that 
could be received via the forage-cow-milk 
pathway as  a re su l t  of such air concentrations. 

of the wellhead, 2 and self-induced rainout be contributed b y a i r  inhalation over a 12-hr 

The  resu l t s  for the various situations a r e  
summar ized  in Table 1. The significant point 

Hazards from Other Radionuclides 

GASEOUS ACTIVITIES 

In addition to tr i t ium, other radionu- 
clides are  present  in the chimney in a 
gaseous f o r m  and a r e  expected to be  re- 
leased by the flaring operation or in the 
event of an accident. The radionuclides 

of possible concern are 14C, 37A4r, 39Ar, 
85Kr, and 133Xe, although only 8 5 K r  is 
present in significant quantity. 
ventory values and predicted a i r  activities 
a r e  available. 

For  the gases ,  the ICRP model con- 

s ide r s  hazards  ar is ing f rom submersion 
in a cloud of the gas. Calculations using 

this model indicate that the only gaseous 
radionuclide of significance is 85Kr, 
which would contribute a dose equal to  
25% of the dose due to inhalation of tri- 
tium. 

would not contribute any significant dose 
by this route due to the relatively very  
small amount of this radionuclide present  
within the chimney. 

Dry deposition values have also been 
given2 for  14C. Dose contributions from 
this radionuclide via the forage-cow-milk 
and the soil-root pathways w e r e  evaluated 
using the model of Ng et al. and are less 
by o rde r s  of magnitude than the.dose con- 
t ribut ion f rom tritium. 

Total in- 

2 

The I4C could also be inhaled, but 

-- 

Ng -- et al." published unit-rad deposi- 
t ion values for  the noble gases for both 
the forage-cow-milk and the soil-root 
pathways. However, these values c&ot 
be used in a meaningful fashion because 
deposition velocities for noble gases a r e  
not known. As an alternative approach, 
we s tar ted with the maximum a i r  concen- 

trations given for  the noble gases,2 and 
assumed that the gases can be deposited 
only by being absorbed by water. 
maximum concentration of the noble gases  
in water was calculated using Henry 's  
Law, as sum ing instantaneous equ il ib r ium . 
This  concentration of noble gases in water 
was then assumed to be directly t rans-  
f e r r ed  to man and eliminated only hy 

radioactive decay. These extremely con- 
servative assumptions indicated that 85Kr 
was the noble gass  radionuclide of most con- 
cern, but that the dose calculated in this 
manner was l e s s  by a factor of 10 than 
that calculated from the ICRP model of sub- 
mers ion  in the original air concentration 
of 'Kr. .Therefore, any possible dose con- 
tribution by radionuclides of noble gases  
via food- chain pathways is insignificant. 

.. 
:' 

. 

The 

PARTICULATE ACTIVITIES 

The hazards to man via the forage- 
cow-milk and the soil-root pathways for 
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all indivi du a1 particulate r adi onu cli de s 

in the chimney can also be estimated, 
using the c o n s e r v a t i v e  values of 
Ng et al., 50 and compared to the t r i -  
t ium h az ard. 
-- 

This analysis i s  made by considering 
the total chimney inventory at six months 
after detonation and the critical organ 
unit-rad deposition values. The more 
conservative values for the infant a r e  
used. Dividing the inventory (in pCi) by 
the unit-rad deposition value gives the 
m2-rad value, which, when multiplied by 
the fractional deposition per square meter, 
gives the dose in rads. More importantly, 
the m - r ad  value allows one to compare 2 

directly the relative r i s k  for different 
radionuclides. 

This done using inventory values 
given in Ref. 2; the results indicate that 
the radionuclides of most concern a r e  
90 s r, 106 Ru, 95Nb, "Sr, and 137Cs. 
For the most hazardous radionuclide, 90  Sr, 

we can say that if its fractional deposition 
(or its a i r  concentration) is of that of 
tritium, it would constitute a hazard equal 
to that of tritium. This same estimate of 
relative hazard for  'OS, can be derived also 
by considering only the inventory relative 
to the RCG values for a i r  concentration. 
However, essentiallynone of these isotopes 
is expected to escape from the cavity. 2 J  

Risk Estimates . .  

Our dose estimates a r e  derived from 
the source te rms  for the normal flaring 
operation, since it is the most likely s i t -  
uation. The largest  estimated dose to the 
population results via the foodchain path- 
ways. However, this is a controllable s i t -  
uation such that any dose via these routes 
(forage-cow-milk and soil-root) would be 
reduced i f  necessary by appropriate Pub- 
l ic  Health measures. With this in  mind, 
we will present r isk estimates for doses 
received through the forage-cow-milk 
pathway, and if the primary exposure is 
by a i r  inhalation, then the exposure is 
lower by a factor of 2000. 

dose via the forage-cow-milk pathway due 
to dry deposition is 30 mrem at 5 km, 
while at 15 km the dose is 10 mrem. 
Therefore, for persons within 15 k m  of 
the Rulison site, the average upper-limit 
dose is approximately 20 mrem. 
largest  total dose due to inhalation during 

The largest  

The 

-15- 

a 3-day flaring operation is 0.01 mrem 
at 5 km. 

. 

We established ear l ier  in this report 
that the average absorbed dose resulting 
from tritium exposure can be used satis-  
factorily to make such calculations. The 
details concerning the r isk factors used 
to derive the r i sk  e s t i m a t e s  sum- 
marized in Table ' 2  a re  given in the 
Appendix. The results are summar- 
ized in Table 2. These a r e  conserva- 
tive upper-limit estimates based on 
extrapolation from high doses and 
high dose rates. 
into account any possible dose- rate 
effects or possible repair  mechanisms at 
these lower doses, although various 
studies indicate that such processes might 
operate in mammalian systems. For ex- 
ample, radiation-induced mutation fre-  
quencies show a considerable dose-rate 
effect, with acute exposure resulting in 

We have not taken 
I 



Table 2. Summary of the calculated upper-limit r isk per person due to exposure to 
20 mrem in one year.a,b*c 

Increased incidence per 
person due to radiation 

Lower limit Upper limit 
Natural incident 

per person 

Fi rs t  generation 
' Genetic loss d 

Adult leukemia 

0 4 x 2 x 10-1 

0 4 x 5 x 
Childhood leukemia 0 1 x 2 x 
Other adult malignancy 0 8 X 1 x 10-1 

Other childhood malignancy 0 3 x 2 x 
Nonspecific life-shorteninge 0 1 x 

Total for  first-generation 
(nonspecific life- shortening 
plus genetic loss) 0 -2 x 

Additional genetic loss , 0 1 x 
Total detriment over a l l  t ime 0 -2 x 

Over all t imes 

It has recently been estimated48 from an analysis of a sample of gas at the Rulison .: a 
wellhead that the amount of tr i t ium present in the gas phase i s  less  by an order of mag: 
nitude than that initially assumed in Refs. 2 and 3 and used for estimating a i r  concen- 

' 

trations and ground depositions. Our r i sk  estimates a r e  based upon the air  concentra- 
tions and ground depositions in Refs. 2 and 3 and if the amount of tritium available is  
less  by a factor of 10, then the above r i sk  factors would also be reduced by a factor 
of 10. 

bIf exposure due to the food chain were negligible and the primary exposure were by 
inhalation, then the dose due to inhalation would be 0.01 mrem, and the above r isk fac- 
tors  would be reduced by a factor of 2000. 

There a r e  approximately 700 persons within a 15-km radius of the Rulison wellhead 
and approximately 1000 persons within 24 km. The cattle population (67 within 15 km) 
is randomly distributed throughout this area. With changing meteorological conditions 
over periods of hours (especially a t  greater  distances from the wellhead), the dose a 
person could receive via inhalation o r  via the forage-cow-milk pathway w i l l  vary con- 
siderably, with an upper limit of 3 0  mrem at 5 km (this dose assumes the original a i r  
concentration and ground deposition values which, a s  discussed above, may be lower 
a factor of ten). 

evidenced by abortion, stillbirth, prereproductive death, early embryonic death, low- 
ered fertility, or sterility. 

Nonspecific life-shortening includes losses due to cancer plus all  other diseases 
and physiological processes  leading to a shortened life-span. 

C 

dGenetic loss  re fers  to the eventual elimination of a deleterious gene. This would be 

e 

approximately four times as many muta- 
tions as chronic exposure. 55,56 irra- 

interval. 33,57 Also, fewer chromosome 
aberrations a r e  observed after chronic or 

diated cells, either in vivo o r  in vitro, 

survival increases when the dose is de- 
livered over a prolonged period o r  in 
fractions rather  than within one short  humans, however, a r e  nonexistent. 

fractionated exposure than after acute 
exposure. 58B59 Studies of chronic expo- 
s u r e  in relation to cancer induction in 

-- -- 
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Repair processes  have also been dem- 
onstrated in various organisms and cell 

lines a f te r  ultraviolet irradiation. 
Unscheduled DNA synthesis in mamma- 
lian cel ls  has been reported at x-ray doses 
of 5000 R 6 2 J 6 3  and a type of "repair  
replication" a f te r  very large doses of Lr- 

radiation has  been observed in HeLa S- 3 
cells.64 However,the relationship of this 
repa i r  replication to  cel l  recovery i s  s t i l l  
speculative. It has  a lso been established that 
rejoining of x- ray  induced breaks occurs 

65 in the DNA of mammalian leukemic cells. 
The rejoining process  seems to be rather  
radioresistant,  but again i ts  r elationsnip 
to cell recovery has yet to be clearly 
defined. 

60-62 

Enzymatic re  joining of s ingle- s t r  and 
breaks in the DNA of bacter ia  has been 
reported by two different groups, 
the excision of thymine dimers  and mis-  
matched sequences by DNA polymerase 
has been observed by Kelly -- et al.68 It 
appears that the enzyme may be able to 
car ry  out both excision and polymeriza- 
tion, indicating repa i r  of damagzd DNA. 

The relationship of all the observed re- 
pair mechanisms to cell killing, o r  more  
importantly, to the induction of various 
types of cancer and genetic effects, is a 

major question in radiation biology., 

r a t e  effects and repa i r  processes  might, 
for  low-dose exposure, reduce the dam- 
age below that predicted by linear extrap- 
olation from high doses and high dose 
rates.  However, to be conservative in 

66167 and 

It i s  possible, therefore, that dose- 

these calculations we proceeded on a 
l inear  extrapolation hypothesis from the 
observed effects at higher doses. 

When the Appendix was originally 
written, 6 9  we felt that the weakest evalua- 
tion concerned the estimation of the mag- 
nitude of nonspecific 1 if e - shortening. 
Hence, we chose a very conservative 
est imate  of 7% reduction in life span p e r  

100 rad. Andersen and Rosenblatt 70  
recently reported the resul ts  of a study 
on female beagles in which the median 
l ife span was shortened 6.7% per 100 rads, 

a value in agreement with our estimate. 
Starer," however, asser ted in a recent 
publication that 1% per  100 rad is pro-  
bably a conservative number when extrap- 
olated to exposures occurring at low 

Another recent analysis72 indicates . 

_ .  
dose rates. I 

that the total increase in all radiogenic 
cancers  (excluding leukemia) may be 
higher than our estimate by more than an 
o rde r  of magnitude. We are not convinced 
that the data available at  the present time 
justify such a conclusion. However, even 
if such an interpretation should be correct,  
our  inclusion of nonspecific life-shortening 
(which includes losses  due to death by 
cancer  as well as all other causes) in the 
evaluation as lives lost would be adequate 
to cover such an  effect. Therefore, when 

our  estimate for  lives lost due to  life- 
shortening is combined with the estimate 

- f o r  genetic loss, the total appears to be 

a conservative upper-limit value for the 
overal l  r i sk  estimate. 
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Appendix 
Quantitative Evaluation of Risk Due to Exposure 

to Low Levels of WholeBody Radiation 

INTRODUCTION 

The purpose of this appendix is to 
provide quantitative estimates of the 
detrimental effects to human populations 
resulting from exposure to ionizing radi- 
ations. 
in objectively assessing the r i s k s  versus 
benefits of proposed projects involving 
the exposure of human populations to 
radiation. 

Such estimates should be of value 

It has been known for maiy  years that 
exposure to sublethal levels of radiation 
can produce genetic mutations and malig- 
nant diseases such a s  leukemia, bone 
sarcoma, thyroid carcinoma, etc. There 
still remains,  however, considerable 
argument concerning the dose - r espons e 
relationships, that is, whether the num- 
ber of effects of a given type is directly 
proportional to the dose, o r  whether there 

is a dose threshold below which no effects 
occur. This question is extremely impor- 
tant from the standpoint of public safety 
because the doses of concern a r e  generally 
extremely small and frequently below the 
level of normal background radiation of 
approximately 100 mrad per year. 
Our knowledge concerning dose-effect 
relationships is almost entirely confined, 
however, to dose regions above 100 rad, 
which is 1000 times greater  than back- 
ground. 
tions can a strong argument be made that 
the response is linear over wide ranges 
of doses and at dose levels down to a few 

1 

Only in the case of genetic muta- 

rad.2D3 A second very significant ques- 
tion is that of dose-rate effects. 
a r e  recovery processes operating to re-  
pa i r  radiation damage, the period of time 
over which exposure is delivered becomes 
a very important variable. Unfortunately, 
most of our knowledge about radiation 
effects concerns doses delivered over 
short  periods of time, and it is again only 
€or genetic effects that we can be reason- 
ably certain of the possible magnitude of 
this effect.2D3 

If there 

Adequate data Concerning the dose-r+te 
relationships for  the production of malig- 
nant diseases do not exist for low doses 
because the effects a r e  s o  small  they 
could not be  observed except by analyzing 
impossibly large population groups. 
Effects in humans at  low doses have been 
seen only for the special cases of irradi- 
ation of embryos4D5 and leukemia induc- 
tion in adults,' but even here no data exist 
for the low dose ra tes  of most significance 
to this evaluation. 

Thus, while the dose-response and 
dose-rate relationships a re  of utmost 
importance and of considerable scientific 
interest, it is necessary to assume some 
kind of dose-response, dose-rate rela- 
tionship to make a quantitative estimate 
of the risks involved for exposure to low 
doses of radiation delivered at  low dose 
rates.  In general, the choice must 
always be made that the specific r i s k  

increases linearly with dose, and that 

effects do not vary with changes in dose 
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rate. This approach is taken not only 
because it i s  the siinplest one, but be- 
cause i t  is also the most conservative in 
t e rms  of public safety. 

the assumption is also made that the type 
of exposure of concern is one that would 
deliver whole-body doses. Considerably 
different approaches would be  called for 
if, for example, the main concern were 
the inhalation of particulate radioactive 
matter,  or the ingestion of radioactive 
iodine. 

Throughout the following considerations 

It should be pointed out that many 
national and international committees have 
been charged with the evaluation of the 
r i sks  considered here, and many excellent 
discussions of the problem have been pub- 
lished. lD7-" The resul ts  calculated here  
are a t  least  a s  conservative as those 
recommended by the International Com- 
mission on Radiological Protection 
(ICRP), although in some cases  quantita- 
tive estimates have been made for r i sks  
for which the ICRP feels adequate data 
may not exist to justify such calculations. 
In such cases  our pr ime consideration has 
not been one of scientific exactness but 
one of extreme caution. 
we have chosen to err  on the s ide of over- 
estimating the risk where adequate data 
and scientific consensus are not available. 

The calculations that follow clearly 
demonstrate that the r i sk  of genetic death 
is the most important numerically, espe- 
cially if the effect over all  subsequent 
generations is considered. Genetic death 
in this sense, however, refers primarily 
to effects that would result  in fetal death 
or reduced fertility. 

7 

In other words, 

ESTIMATION OF GENETIC RISKS 

In evaluating the hazards of radiation- 
induced genetic effects on a population, 
one should f i rs t  know the magnitude of the 
genetic effects occurring naturally in that 
population. 
exposure can then be compared to the 
natural or spontaneous genetic effects 
occurring in the population. 
frequency of gene mutations which lead to 

The effects due to radiation 

The natural 

genetic death". w i l l  be estimated using three 
different methods. The frequency of 
radiation-induced mutations wi l l  be tleter- 
mined from an analysis of the available 
data,and the genetic detriment to all sub- 
sequent generations and to the first  gen- 
eration alone will  be determined. 

. .  
Calculation of the Natural Mutation 
Frequency 

The natural gene mutation freauencv 
for specific types of mutations (i.e., re-  
cessive lethal, recessive visible, domi- 

nant visible) can be estimated in human 
populations by several  methods. Differ- 
ent approaches for estimating the reces-  
sive lethal mutation frequency over the 
X-chromosone give a result  of approxi- 
mately 0.003 mutations per X-chrorniosome 
per generation. 11~14,15 E one assumes 
that the X-chromosome is 570 of the total 
mutable genome (genome is the total 
chromosome complement of a germ cell, 
i.e., sperm or egg) and when account is 
taken of selection against recessive 

.,, 

' Genetic death r e fe r s  to the eventual 
extinction of a deleterious gene. 
would be evidenced by abortion, stillbirth, 
prereproductive death, ear ly  embryonic 
death, lowered fertility or  sterility.12a13 

This 
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lethals, gxtrapolation over the whole 
genome gives a spontaneous mutation 
frequency of 0.14 mutations per germ 

11 cell  per generation. - 

Estimates of total mutat ion fr equencx 
can also be derived from the frequency 
of occurrence of dominant, sex-linked, 
and recessive visible conditions. Muta- 
tion frequencies of the causal genes 
range from 0.2 to 20 per million per gen- 
e r a t i ~ n . ~ ’  l6 A reasonable number for 
calculation would be 5 mutations per mil- 
lion genes per generation.7s11,12 ~f one 
then takes the number of genes in man to 
be 20,000, 7*  l7 one can calculate a total 

spontaneous mutation ra te  of 0.1 per germ 
cell  per generation: 

5 x mutations 
gene -generat ion 

- 0.1 mutations 
germ cell-generation 

These a r e  the mutations that would lead to 
genetic death. 

If from the above we accept a total 
mutation frequency per germ cell of 0.1, 
we can calculate that the total new muta- 
tions per generation per million people is 
200,000: 

0.1 mutations 2 germ cells 
germ c el 1 - generation person 

6 200,000 mutations 
generation X 10 persons = 

At genetic equilibrium the number of new 
mutations produced per generation is 
balanced by the same number of elimina- 
tions. Therefore 20% or  200,000 per 
million a r e  eliminated per generation 
from natural mutation. 

The natural occurrence of mutations 
leading to genetic death can also be a r -  

data f rom inbred populations, the number 
of detrimental genes carr ied by each per-  
son and their selective disadvantage can 
be estimated and used to determine the 
total number of eliminations per genera- 
tion. 
individual carr ies  8 small  dominant genes, 
each with an independent r i s k  of elimina- 
tion of 0.025 per generation. The total 
chance of elimination per generation is 
then 8 X 0.025 or  0.2 per person. 

rived a t  by a third method, 12# l8 With 

The ICRP report  7 assumes that an 

Calculation of the Radiation- Induced 
Mutation Frequency 

The values that must be used to calcu- .. 
late the frequency of mutation induction 
f rom radiation come almost exclusively 
f rom animal data, with only indirect 
evidence from human data. 
experiments on mice serve  a s  the primary 
source of information, and a reasonable 
estimate from these data for the induced 
mutation frequency is mutations per 
gene per  rad pe r  germ cell, 3J19 This 
value represents data f rom acute expo- 
su re  experiments. Dose-rate effects 
have been shown to exist in spermatogonia 
and oogonia in mice3’’’; a chronic expo- 
s u r e  has about one-fourth the mutational 
effect of the same dose given in an acute 
exposure. In the following calculations, 
however, we will  u se  the value from 
acute-exposure experiments, since it wil l  
provide an upper estimate of the effects. 

mutations per gene 

: 

Data from 

The value of 
per  rad per germ cell is supported 
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indirectly as a.reasonable estimate for 
humans from data collected by Nee1 and 
Schul120 from Hiroshima and Nagasaki. 
They found no increase in the genetic 
deaths of children from irradiated par-  
ents above that of the control population. 
This does not mean that no additional 
mutations occurred from these doses but 
that the estimate of the mutation ffequency 
for humans could not'be much higher than 
that determined from mouse data, o r  sig- 
nificant results would have been seen. 
Using these numbers one finds a mutation 
frequency of 2000 mutations per one mil- 
lion germ cells per rad  o r  4000 mutations 
per  one million persons per  rad: 

8,12,17 

-7 10 mutations 104 genes 11 
gene- rad germ ce 

6 erm x 10 persons x 2 person 

X 1 rad = 4000 mutations 

o r  genetic deaths over a l l  generations. 
This number turns out to be quite com- 
parable to the overall  radiation-induced 
mutation frequency determined for mice 

21,22,23,24 f r o m  different studies. 

Even though these calculations were 
made on a conservative basis  the ICRP 
uses a value given by Muller of 3600 mu- 
tations per  one million germ cells per  
rad  o r  7200 genetic deaths per  million 
persons per  rad over all generations. 
Since this is an even higher estimate of 
the r i sk  we wi l l  accept it as our final 
value for the number of genetic deaths 
over all generations resulting from the 
exposure of one million people to one rad. 

pressed o r  eliminated in the first genera- 

7 

If 2.570 of these mutations a r e  ex- 

t i ~ n , ~  then the r i sk  in the first generation 
is 180 genetic deaths per million persons 
per rad: 

mutations g e r m  cells 
person 3.6 x germ cell-rad 

6 X 10 persons X 1 rad 
X 0.025 = 180 genetic deaths 

in the first generation. 
rable to the 200,000 genetic deaths in 
this generation due to the occurrence of 
natural spontaneous mutations. 

This is compa- 

The 180 genetic deaths in the first  
generation due to radiation exposure of 
1 rad can also be compared to the number 
of genetic deaths out of the total which a r e  
expressed in the first  generation from 
mutations within the parental generation 
only. 
deaths' : 

This number is 5000 genetic 

mutations g erm cells 
O s 1  germ cell person 

6 X 10 persons X 0.025 
= 5000 genetic deaths 

f rom parental generation. 

The estimate of the genetic r isk result- 
ing from exposure of a population to radi- 
ation can also be determined by a different 
method used by Crow et al. 
values for total generation r i s k  and f i rs t -  
generation r isk obtained from this method 
a re  essentially the same as  those calcu- 
lated above. 

18,25,26 The 

. 
MALIGNANT D S E A S  ES 

That exposure to radiation could lead 
to the production of malignant diseases 

! 
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w a s  one of the ear l ies t  observations of 
human effects. 
diseases,  leukemia i s  particularly easy 
to observe and this disease w i l l  be  con- 
sidered separately; - A l l  other malignant 
diseases w i l l  be considered a s  a group. 

Of all the malignant 

Leukemia 
Data pertaining to the production of 

malignant diseases are certainly the most 
complete for  leukemia. 
two reasons: (1) the types of leukemia 
produced by radiation (acute leukemia 
and chronic granulocytic leukemia) a r e  
practically synonymous with death and 
thus a r e  dramatic and easily traced 

This is  t rue  for  

events, and ( 2 )  the period of’time be- 
tween radiation exposure and the appear- 

ance of malignant disease is shortest  for  
leukemia. 

R i s k  of Developing Leukemia Following 
the Exnosure of Adults 

Several s e t s  of human data are avail- 
able to assess this r isk.  The la rges t  
population a t  r i sk  is represented by the 
survivors of the atomic bomb blasts  at 

27 Hiroshima and Nagasaki. 
reported on 149 confirmed leukemia cases  
arising from 2,116,478 man yea r s  at r i sk  
up  to 1958. An attempt was made to  pro- 
vide proper dose estimates for  76 of these 
cases  and thue to calculate the dose- 
response factors. The best  possible 
estimate for  both cit ies w a s  1 to 2 cases  
of leukemia per  million people pe r  yea r  
at r i s k  p e r  rad, averaged over the 14 
years  covered by the study. 
is  compatible with a linear dose response 

between 100 and 500 rad. New cases  
were observed to begin appearing within 
one and a half to two years  after exposure ; 

Brill -- et al. 

This estimate 

maximum r i sk  occurred at  four to Seven 
y e a r s  after exposure and then fell off 
considerably, although the increased r i sk  
w a s  s t i l l  apparent 14 yea r s  after the 

expo s u r  e. 

studied comprised 11,287 male patients 

suffering f r o m  ankylosing spondylitis who 
were  treated by therapeutic radiation to 
the spine. Court-Brown and subse- 
quently followed up this group and found 
37 cases  of leukemia arising between one 

and twenty years  following exposure. 
Court-Brown2’ calculated that the prob- 
ability of developing leukemia per  year 
l ies  between 1 and 2 per  million people at 
r i s k  per  roentgen (R) averaged over the 
whole red  marrow system. 

The second large group of individuals 

The latent 
period for the onset of these cases  appe$s 
to reach  a peak during the fourth and fifth 
yea r s  and then to fall off, 30,31 

A large number of other studies have 
a l so  demonstrated a correlation between 
radiation exposure and an increased inci- 
dence of leukemia (see Ref. 10 for a sum- 
mary).  Most of them, however, provide 
l i t t le additional dose-response information 
either because the number of cases  a r e  
small and/or because the doses are not 
precisely known. Lewis32 and Hempel- 
mann33 have also calculated dose-response 
est imates  f rom data concerning the in- 
c reased  incidence of leukemia among U. s. 
radiologists and among children exposed 
to therapeutic radiation. Al l  values a r e  
essentially consistent with a r isk of 1 to 
2 cases  of leukemia per million persons 
at  r i sk  per rad per  year. 

F rom an evaluation of these data, the 
ICRP has stated that the total leukemia 
r i sk  would appear to be of the order  of 
20 cases  per million persons (over a 
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l i fe t ime)  p e r  rad.' This assumes a l inea r  
relationship and a declining r i sk  after a 

maximum r i sk  period. This  is contrasted 

with the natural  incidence of leukemia of 

5000 D e r  million persons over a life- 
34,35 t ime,  

Risk of Developing Leukemia af ter  
EXDOSUre in utero 

hausted soon after. Thus, assuming the 
most  conservative estimate of the r i sk  

and assuming that the r i sk  i s  exhausted 

af ter  10 years ,  the r i s k  of developing 

leukemia folIowing in utero irradiation is 
260 p e r  million live births per  rad. The 
natural  incidence is reported to he 460 

per  million live births. 

-- 
I 

5 

Several  studies have demonstrated 
that in utero irradiation is followed by an 
increased incidence of leukemia. The 
la rges t  studies and those with the 
necessary follow-up periods a r e  those of 
Stewart, Webb, and Hewitt4 and 
MacMahon.' Other studies are reviewed 
in the United Nations report" and in 
MacMahon's paper.5 According to 
MacMahon's analysis the best  estimate 
of the relative r i sk  involved is 1.40, 
that is, those individuals receiving whole 
body radiation -- in utero have a 40% grea te r  
chance of developing leukemia before the 
age of 10. MacMahon fur ther  s ta tes  that 
the excess  r i sk  of developing leukemia 
before the age of 10 i s  18 per  100,000 live 
births.  Assuming the dose associated 
with these exposures to  be  2 R (Ref. 36), 
the r i s k  is then 9 per  million persons per  

r ad  per  year.  Hempelmann' s calculation 
of this value33 is 10 to 11 cases  of leuke- 
mia  per  million persons per  r ad  per  year. 
Sternglass 's  analysis of these data, 
however, i s  that 1.7 R to the fetus would 
double the natural  incidence of 46 cases  

of leukemia before the age of 10 per  
100,000 live bir ths  which is equivalent to 
a r i s k  of 26 cases  pe r  million persons 
i r radiated in u te ro  p e r  r ad  pe r  year.  

-- 

5,36 

37 

-- 
Most studies have shown that the inci- 

dence of excess  leukemia reaches  a max- 

imum at age 5 through age 7 and is ex- 

-2a-  

Malignant Diseases Other than Leukemia 
In considering only the effects of whole- 

body radiation, the induction of specific 
cancer types need not be considered: It 
is  sufficient to consider the total number 
of malignancies other than leukemia that 
may be  produced. 7 

Risk of Developing Malignant Diseases 
Other than Leukemia Following the 
Exposure of Adults 

.; 

One source  of data for evaluating this 
r i sk  is again the Japanese survivors of the 
atomic bomb blasts.  
noted that leukemia contributes about 50% 

of th,e total  mortali ty f rom malignant 
diseases  5 to 15 yea r s  after the 
exposure. 

Here  it has been 

38 

The  spondylitics treated with radiation 
show a somewhat similar pattern; the 
mortali ty due to cancer of heavily i r radi-  
ated s i t e s  is 1.5 t imes that due to leukemia 
alone.30 This is  observed with an average 
followup period of 13 years.  

However, deaths due to other malignant 
diseases ,  unlike leukemia, do not show any 
c lear  peak incidence and if anything, the 

incidence appears to be increasing with 
yea r s  past  exposure. 

The ICRP has taken a s  i ts  working 
hypothesis that the total increase in can- 
c e r  mortali ty (other than that f rom leuke- 
mia)  within 20 years  after exposure, is 

39 



7 equal to the mortality of leukemia alone. 
It seems reasonable to double this figure 
fo r  a lifetime after exposure on the basis 

30 of the later data from'the spondylitics. 
Thus if the incidence should keep on in- 
creasing indefinitely the r i sk  may be 
underestimated, but on the other hand 
most of the malignant diseases a r e  not 
nearly so fatal as leukemia. 

The r isk for all malignant diseases 
except leukemia would then be 40 cases 
per million persons per  rad. 
incidence of mortality from malignant 
diseases other than leukemia is a t  least  
20 times the incidence from leukemia or 
100,000 cases per million people per  
lifetime. 

The natural 

35 

Risk of Developing Malignant Diseases 
Other than Leukemia after E x p  osure In 
utero 

5 4 Both MacMahon and Stewart et  al. 

- 
-- 

found that following irradiation in utero, 
the incidence of all  types of malignant 
diseases was increased in essentially the 
same proportion as  that for leukemia. 
However, no group of children has been 
followed longer than 10 years, and there 
a re  no adequate data to support the idea 
that deaths from these malignant diseases 
other than leukemia have peaked out in 
the first  10 year%. Therefore, the same 
assumption will be made that over a life- 
span, death is twice a s  probable from 
other malignant diseases than it is for  
leukemia, or that the r isk is 520 per 
million live births per rad. The associ- 
ated natural incidence is 460 per  million 
live births before the age of ten,5 and 
approximately 100,000 per million live 
births considered over a lifetime. 

NONSPECIFIC LWE-SPAN SHORTENING 

Following the exposure of a large pop- 
ulation of animals to radiation, an in- 
creased mortality ra te  is frequently noted. 
This effect is not accounted for by the in- 
creased frequency of any single disease 
process, but the effect is as though all 

a physiological sense. 
te rms  of collective lives lost per million 
persons at  r isk is calculated below.. 

animals had suddenly become I' older'' in 

The r i s k  factor in 

Data from Animal Experiments 
Animal data on the shortening of life- 

span induced by radiation show a consid- 
erable variation of values. 
McClement, with mathematical methods to- 
extrapolate mouse data to man, concluded:. 
that approximately 0.570 of a normal life- - 

span would be lost due to an individual's 
exposure to 100,rad.40 Russell, however, 
found a 7.8% life-span reduction following 
100 rad of neutron radiation to mice. 
Other investigators have reported values 
of between 2 and 5% life-span reduction for 
mice irradiated acutely with x rays or 

42-46 Storer e t  al. found a gamma rays. 
life-span reduction of 5 to 770 for mice 
per  100 rads of neutron irradiation. 
Lorenz -- et al.47 investigated two different 
s t ra ins  of mice and guinea pigs irradiated 
at several  dose rates. At exposure levels 
sufficiently low to avoid acute mortality, 
nonspecific life-span shortening effects 
were found to be between 1 and 3% per 
100 R of exposure. Blair48 has reviewed 
the data on these effects in mice and ra t s  
and has reported a value of between 1 and 
27'0 reduction in life-span per 100 R a s  
being a reasonable estimate. 

Failla and 

41 

-- 
44 

- 29- 



Russell4' has a lso reported that the 
offspring of irradiated mice suffer non- 
specific life-span reduction, but the much 
l a rge r  and comprehensive study of Spal- 
ding -- e t  al.46 has failed to demonstrate 

such effects. 

Experimental Data from Human 
PoDulations 

Court-Brown and Doll4' have found no 
evidence of a nonspecific life-span short- 
ening in their study of Brit ish radiologists, 
some of whom were believed to have been 
exposed to excessively high levels of r a -  
diation. On the other hand, Seltzer and 
Sartwel15' have found a decrease in life 
expectancy among American radiologists 
when they a r e  compared to other medical 
specialists. The reduction in life-span 
appears to be of the order  of 4 to 5%. 

Assuming that the total dose received was 
100 rad, the r isk factor would be a 4 to 

5% reduction in life-span per 100 rad. 
The actual doses received by the radiol- 
ogists a r e ,  however, unknown and were 
certainly highly variable among individual 
radiologists. Various estimates for the 
average dose to this group range from 
100 rad32 to 500 rad.51 Studies on the 
survivors of the atomic bomb blasts in 
Japan a r e  plagued with many difficulties, 
and as yet no general conclusions appear 
to be warranted. 38 

Quantitative Estimate of the Nonspecific 
Life -S hort eninn Risk 

A reasonable approximation of the 
upper limit of the risk, based on data 
from both man and animal experiments, 
is a 7% reduction in life-span per 100 rad 
of exposure. Assuming a linear extrap- i !  
olation down to low dose levels, the col- . 

lective r i sk  would be 700 lives lost per 
million persons exposed per rad. 

- 30- 
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